Telepathology is an attractive tool for pathologists as it may give the opportunity to obtain timely consultations on difficult cases or provide an intraoperative frozen section diagnosis service to small hospitals lacking an in-house pathology service. 1, 2 Telepathology systems basically include 2 different modes of operation for remote diagnosis, 1,3 one in which the selection of diagnostic images is accomplished by the pathologist requiring passive telepathology, 4,5 and the other one, based on the use of a robotic microscope driven at a distance, in which the consultant pathologist has the opportunity to select the images on which to make the diagnosis, or active telepathology. 2, [6] [7] [8] [9] [10] [11] Active telepathology is receiving increasing attention as the problems caused by inadequate selection of tissue fields by the referring pathologist can be avoided. 1 This impediment of full selection probably will limit future, routine use of telepathology for primary diagnostic purposes, while it will be suitable for second opinion, education, and training. In the literature, the active systems have been mentioned as robotic telepathology systems 6,9,12 or telemicroscopy (TM) systems. 13, 14 TM can be performed through 2 distinct modes: (1) a dynamic mode, in which the live images are transmitted from a remote site and viewed in real-time at the local site (dynamic TM), 6-9 and (2) a static mode, in which still images are transmitted to a remote site in a near real-time manner (static TM). [10] [11] [12] Some hybrid systems between these technologic solutions also have been explored, in which high-resolution still images are transmitted on demand to confirm diagnoses and for documentation. 7, 15 Real-time TM, using live images, has been associated in practice mainly with frozen section services, 2 although a
A b s t r a c t
The aim of the present study was to assess whether a telemicroscopy system based on static imaging could provide a remote intraoperative frozen section service. Telepathology is an attractive tool for pathologists as it may give the opportunity to obtain timely consultations on difficult cases or provide an intraoperative frozen section diagnosis service to small hospitals lacking an in-house pathology service. 1, 2 Telepathology systems basically include 2 different modes of operation for remote diagnosis, 1, 3 one in which the selection of diagnostic images is accomplished by the pathologist requiring passive telepathology, 4, 5 and the other one, based on the use of a robotic microscope driven at a distance, in which the consultant pathologist has the opportunity to select the images on which to make the diagnosis, or active telepathology. 2, [6] [7] [8] [9] [10] [11] Active telepathology is receiving increasing attention as the problems caused by inadequate selection of tissue fields by the referring pathologist can be avoided. 1 This impediment of full selection probably will limit future, routine use of telepathology for primary diagnostic purposes, while it will be suitable for second opinion, education, and training. In the literature, the active systems have been mentioned as robotic telepathology systems 6, 9, 12 or telemicroscopy (TM) systems. 13, 14 TM can be performed through 2 distinct modes: (1) a dynamic mode, in which the live images are transmitted from a remote site and viewed in real-time at the local site (dynamic TM), [6] [7] [8] [9] and (2) a static mode, in which still images are transmitted to a remote site in a near real-time manner (static TM). [10] [11] [12] Some hybrid systems between these technologic solutions also have been explored, in which high-resolution still images are transmitted on demand to confirm diagnoses and for documentation. 7, 15 Real-time TM, using live images, has been associated in practice mainly with frozen section services, 2 although a real-time telepathology service for evaluating fixed sections also has been described. 6, 15 Presently, most TM studies have focused major attention on dynamic, real-time systems, 2, [6] [7] [8] [9] 16 while active systems based on static imaging have not been studied as extensively. [10] [11] [12] In this retrospective validation study, we examined the performances of an active telepathology system based on static imaging for a remote frozen section service. Our interest in this solution is driven mainly by the reduced bandwidth requirement for the static-imaging system in comparison with the videoconference requisite. Major features of the system that have been measured were concordance between TM and light microscopy (LM), diagnostic accuracy of TM with respect to the "truth" diagnosis, and the time needed for a diagnostic session by our static system.
Three pathologists evaluated 70 consecutive frozen section cases (for a total of 210 diagnoses) using a static telemicroscopy system (STeMiSy) and light microscopy (LM)
.
Materials and Methods

System Architecture
The static telemicroscopy system (STeMiSy) used in the present study was designed and developed in our laboratory as a client-server based application. The remote workstation consists of a PC (Pentium MMX running Windows 98 [Microsoft, Redmond, WA]) and a fully motorized microscope (Leica DM RXA) with a motorized x/y stage (No. 14/1114 with step motor control Leica DM STC [Leica Microsystems S.P.A., Milan, Italy]) equipped with 5 objectives (2.5×, 5×, 10×, 20×, 40×). The microscope is connected to the PC via a serial RS 232C interface. Two cameras are mounted on the microscope through a 50-50 beam-splitter: an iSC2050 Digital Video Camera is used with the Leica AFS autofocus system (automatic focusing), and the SONY DXC-950P 3CCD Color Video Camera (resolving 750 TV lines) captures the images to be transmitted to the Matrox Meteor PCI Frame Grabber (Matrox, Montreal, Canada) via RGB connector (the Matrox Meteor has a resolution of 768 × 576 pixels). The workstation incorporates a Sony Multiscan 300sf 21-inch monitor. The server application is installed on the remote workstation.
The local workstation on which the client application is installed consists of a Pentium 200 running Windows NT (Microsoft). A Sony Multiscan 300sf 21-inch monitor is incorporated. The user interfaces for both applications are designed for a video spatial resolution of 1,024 × 768 pixels with a color depth of 24 bits per pixel.
The transmission protocol is TCP-IP. During this study, the 2 workstations were part of 2 local area networks connected through ISDN lines (transmission rate, 128 kilobits/s) managed by routers (CISCO 3620 and 3640).
Specifically designed controls and modules are included in both server and client applications for command and image transmissions (through Microsoft Winsock Control 6.0), for acquisition board managing and image processing (through the Matrox Imaging Library MIL 4.02 device libraries), for audio conferencing, and for local and remote microscope control (through Leica DMR Logical DLL, API version 4.03 and Autofocus DLL, API version 4.03).
Images were software-compressed JPEG with compression quality factor 90. All were transmitted as 736 × 572-pixel digital resolution images.
System Operation
After a slide is placed under the microscope, the technician moves the microscope stage to locate the 4 extremes of the tissue, looking at the real-time image on the PC screen. Single images are automatically taken at ×2.5 magnification to cover the selected tissue fields. By combining the ×2.5 magnification digital images, a panoramic overview of the tissue is arranged. The maximal tissue area that can be visualized through the panoramic view measures 19,328 µm × 14,432 µm.
The telepathologist asks for the connection to the server application. An audio conference can be activated to facilitate the technician-pathologist interaction. Once the connection has been established, the technician can send the combined panoramic view and the ×2.5 magnification single images to the remote pathologist. Afterward, the telepathology session is controlled totally by the remote pathologist. Through the client application interface, the pathologist controls every local and remote action using the mouse. As shown in ❚Image 1❚, the zoom in panoramic view is always viewed on the screen, while single images can be viewed at high resolution. A colored rectangular frame on the panoramic view indicates the region of the tissue shown. A grid system facility, based on cells with sizes corresponding to single-objective tissue areas, enables the pathologist to select and visualize already acquired images at specific magnifications. This facility also permits the pathologist to acquire new images (single or multiple choices are available). The grids can be overlaid to each image.
Moreover, this grid system ensures that each tissue area is taken only once with each objective.
Digital Archive
At the end of each session, all data concerning the TM diagnosis are stored in a database. Date, time, progressively numerated images with corresponding microscope setting information (ie, objective, stage coordinates, lamp intensity © American Society of Clinical Pathologists value), diagnosis, patient data, and the server workstation log file (with microscope actions and communication information) are stored.
Case Material
Seventy sequential frozen sections of cases obtained intraoperatively during surgical procedures were obtained in the routine practice of one of us (P.D.P.), who did not participate in the study. A single representative slide from each case (summarized in ❚Table 1❚) was selected for the study. The frozen section specimens were stained with H&E.
The consensus truth diagnoses were made on the frozen section specimens by conventional LM by a review panel (reference diagnoses had been determined before the trial began). The truth diagnoses were distributed as follows: 36 benign cases, 30 malignant cases, and 4 deferred cases.
Study Protocol
Three senior pathologists (M.B., S.B., C.C.) participated in this retrospective study, two of whom had previous experience with diagnostic digital images (pathologists A and C) and one without such experience (pathologist B).
In both LM and TM systems, each pathologist examined 70 cases, making a diagnosis of malignant vs benign lesion and commenting about a more specific histologic diagnosis in accordance with the pathologist's practice procedures. The LM diagnostic session occurred almost 1 month after the TM session. The pathologists had at their disposal the gross ❚Image 1❚ Client application interface of the static telemicroscopy system. The image illustrates the situation on the pathologist's workstation viewing a high resolution ×20 image with an overlaid grid corresponding to ×40 magnification. On the bottom left, the panoramic overview of the tissue is overwritten by a grid corresponding to the high resolution ×20 image. The green dots on the panoramic overview distinguish the already acquired areas with ×20 magnification; the red bordered area corresponds to the high-resolution image viewed on the screen. The top left side (the gray zone) contains lines associated with already acquired images, divided by magnification (vertical columns); the red line corresponds to the high-resolution image viewed on the screen. For each case, pathologists compiled a preformed template with a check-box diagnosis of malignant, benign, or deferred (postponed); a free-text diagnosis; and a checklist of possible reasons for uncertainty (image quality, tissue quality, insufficient experience, other).
Data Analysis
Diagnoses were scored as follows: type a, completely concordant; type b, discordant, not clinically relevant; or type c, discordant and clinically relevant, ie, a discordance that would have made a difference in the surgical management of the patient.
Concordance between TM and LM was measured, examining for each case the specific diagnosis made in each mode. Cases in which one of the two diagnoses was deferred when the other was a definitive diagnosis were considered to have at least type b discordance. Cases in which both TM and LM diagnoses were deferred were examined for the specific diagnosis and scored as concordant if the reason for the deferral was the same.
Statistical Analysis
The kappa statistic of Cohen was used as a measure of concordance between TM and LM diagnoses. The McNemar test was used to analyze differences in diagnostic accuracy and deferrals between TM and LM. A P value of .05 was considered the limit of significance.
Results
Concordance
Individual performance of each pathologist making diagnoses by the modes are summarized in ❚Table 2❚. Clinically relevant and overall concordance between TM and LM were 98.6% and 95.2%, respectively. Seven times the diagnoses were discordant but clinically irrelevant (type b); 3 times the discordance was classified as clinically relevant (type c). The kappa coefficient between the 2 methods of diagnosis was kappa = 0.97 [SE (kappa) = 0.06; z = kappa/SE (kappa) = 17.0; P < .0001], indicating a very good strength of agreement.
The overall case deferral rates were 11.0% (23/210 cases) and 9.5% (20/210 cases) by TM and LM, respectively. For each pathologist, no statistically significant difference between deferrals by the 2 reading methods was found (P > .05). Of 23 cases, 15 were deferred both by TM and by LM ( Table 2) .
Intraobserver Discordance
By examining cases in which TM and LM diagnoses were discordant ❚Table 3❚, it is immediately apparent that most discrepancies were related to minor variations in the level of confidence for making some diagnoses or to minor interpretation differences (cases 20, 53, 64, 70), which were scored as b type discordance. A few considerations merit comment. Two pathologists made a diagnosis of "malignancy" or "suggestive of malignancy" in case 57 using LM, while making a diagnosis of benignity by TM. By reevaluation of the original slide and of the images acquired by the pathologists, it was apparent that the malignant cells were not scattered throughout the specimen but were focused in a small marginal area, which was found easily with LM but not at the first panoramic images (×2.5) of the TM system ❚Image 2❚. This panoramic image was indeed somehow blurred and did not permit the identification of a small focus of neoplastic cells. To obtain a satisfactory level of image quality in this particular case, it would have been necessary to scan the whole section with the 5× objective, a procedure that is too time consuming to be reasonably adopted. A similar problem was noticed by pathologists B and C concerning case 54: both pathologists were not confident in excluding the presence of small neoplastic foci by using the TM panoramic image, while this exclusion was done easily with the LM system. By interviewing the pathologists after the study had been completed, all reported that this "loss of detail" problem on panoramic images was of major concern for cases in which it was important to rule out even small foci of neoplastic cells (such as exclusion of metastatic cancer in otherwise macroscopically negative lymph nodes).
Diagnostic Accuracy
In ❚Table 4❚, the performance of the pathologists making TM and LM diagnoses compared with truth diagnoses is shown. Clinically relevant concordance between TM and LM diagnoses and truth diagnoses were 95.2% 
Intraobserver Correlation
In ❚Table 6❚, the concordance between correct and incorrect diagnoses using TM and LM for 3 pathologists is shown. Seven cases were misdiagnosed by both methods, suggesting a higher degree of difficulty in complexity of these cases.
Time Studies
The factors influencing the time needed for making a diagnosis are mechanical microscope operations (eg, stage movements, objective change, autofocus), image handling (capture, compression, transmission, storage), and the pathologist's diagnostic process.
The overall time required to perform a TM session included the time required by the remote operator (technician or surgeon) to select the 4 extremes delimiting the tissue (technical time), the time needed by the system to acquire and transmit the images composing the panoramic view of the tissue (panoramic time), and the time taken by the pathologist to acquire and analyze the still images and make the diagnosis (viewing time). The mean overall time was 6.2 minutes (range, 1. 
DN, pathologist deferred case that was negative for the "truth"; DP, pathologist deferred case that was positive for the truth; FN, false negative; FP, false positive; ND, case diagnosed as negative by the pathologist was deferred by the panel; PD, case diagnosed as positive by the pathologist was deferred by the panel. Both the number of diagnostic images acquired by the pathologist and the viewing times per slide did not decrease significantly during the study, suggesting immediate learning of system use. The slopes of linear regression of viewing time vs the number of cases were -1.1, +0.4, and +0.02, respectively for pathologists A, B, and C. The slopes of linear regression for the number of images versus case number were -0.01, +0.06, and 0.0, respectively, for pathologists A, B, and C.
The average number of acquired images per slide, including panoramic images, was 17.0 (range, 4-33).
The pure diagnostic image transmission time, included in our study in the viewing time, accounts on average for 10% of the viewing time. This means that with our system, the diagnostic process, regarding time, does not depend on the bandwidth; a narrower or larger bandwidth does not linearly influence the mean overall time of a TM session. Moreover, during image transmission, the pathologist can proceed with analysis.
Discussion
In this validation study, we demonstrated that our active TM system, based on still imaging, permits performance of accurate remote diagnoses on frozen sections in a short period. More findings suggest the compatibility of active TM systems for their use in the setting of intraoperative frozen section diagnosis in rural hospitals without an in-house pathology department. 2, [7] [8] [9] 11, 12 In our study, the clinically important concordance between TM and LM was 98.6% (95.2% overall concordance), and the diagnostic accuracy of TM and LM was not statistically different. Moreover, the rate of deferred diagnoses given by TM and LM was comparable (11.0% and 9.5%, respectively), indicating that deferral rate was not ascribable to the reading method but to intrinsic diagnostic difficulty of the cases.
Our results are in keeping with those of other studies that evaluated the feasibility and accuracy of the use of telepathology as a tool for remote frozen section diagnoses (reviewed in Nordrum 2 ) and showed a high reliability of the systems, which could allow their use in daily practice. Some of these studies investigated active systems based on still images [10] [11] [12] or dynamic video signal, [7] [8] [9] 14, 16, 17 and others studied the use of passive systems. 5, [18] [19] [20] [21] By using a dynamic active system, Shimosato et al 17 examined 144 final histologic specimens and 14 frozen sections, achieving a total diagnostic accuracy of 90.5% and a frozen section case accuracy of 86%. Nordrum, 2 using a hybrid dynamic/store-and-forward system, found that the correct diagnosis was made in 147 of 162 frozen sections (90.7% overall accuracy). Schwarzmann et al 8 performed several field tests using an active TM system for frozen section diagnosis: the concordance between diagnoses made by telepathology on frozen sections and by LM on embedded material was 82% for 109 cases of lung surgery, 97% for 139 cases of breast surgery, and 79% for 47 cases of consecutive surgery. Della Mea et al, 9 using a system providing static and dynamic features, found a diagnostic accuracy of 100% in 60 frozen section cases examined.
Active TM systems based on still imaging were studied by others. [10] [11] [12] Oberholzer et al 10 reported a sensitivity of 85.7% and specificity of 100% for a diagnosis of malignancy on 53 frozen section cases. In the study by Tsuchihashi et al, 12 no indication of the system accuracy was provided. Winokur et al 11 conducted a study on frozen and paraffin sections on their static imaging telepathology system; they reported an overall diagnostic accuracy of 96.2% for the 192 diagnoses made by 3 pathologists compared with the reference truth.
A principal concern in the use of telepathology in providing a routine remote frozen section service is the time needed to make the diagnoses. This time strongly depends on the experimental design of the systems (eg, bandwidth of telecommunications link, architectural software structure of the system, type of preparation, type of study). It is difficult, therefore, to compare the results from different studies. Most report a time in the range of 3 to 12 minutes for the active dynamic mode of TM 6, 7, 9, [13] [14] [15] [16] [17] and in the range of 15 to 40 minutes for the active mode based on static imaging. 10, 12 In the present study, the average viewing time per slide was 3.6 minutes, and the overall time to make a diagnosis by TM was 6.2 minutes, both clearly within the limits of its routine use in real life practice. Of interest, the time we measured is similar to that found for dynamic TM.
The most significant drawback of dynamic systems is the strict requirements of high bandwidth communications to perform a remote diagnosis session. 3 Videoconference technology needs at least a bandwidth of 384 kilobits per second (kbps) to ensure a sufficient transmission rate of frames per second and relatively good image quality. Conversely, a system like ours, based on static imaging, does not require specific telecommunication lines, and the bandwidth affects only the transmission times. In our system, this transmission time is only 26% of the previewing time and 10% of the viewing time. This means that, for example, a reduction by half of the bandwidth (ie, in our system from 128 kbps to 64 kbps) would produce a change in the overall diagnostic time of 15%, increasing the duration of the diagnostic procedure by 60 seconds.
One of the main problems in making a TM-based diagnosis in the setting of intraoperative frozen sections is the type of case in which the pathologist needs to exclude the presence of even tiny foci of neoplastic cells, eg, frozen section evaluation of macroscopically normal lymph nodes during intraoperative staging procedures for cancer. In these cases, the quality of the initial panoramic view of the specimen is of utmost relevance: it is this image that guides the efficient selection of the areas to be examined at higher magnification. One of the pathologists involved in the present study suggested that in these selected cases it would be necessary to scan the whole slide through "static and discrete" medium power (×5 or ×10) images. A panoramic overview at ×5 magnification will increment the number of images to be acquired (from an average of 12 to an average of 48). This option will be implemented in our system, and the overall diagnostic procedure will last 4 or 5 minutes more.
A further aspect of our system is that all information regarding a telediagnostic session can be stored in a database (eg, images, clinical and technical information), so that the diagnostic session can be exactly reconstructed. This feature could become important for medicolegal reasons, as the system will be used in routine practice.
The software design allows our system to be used also in a stand-alone configuration. This feature could permit storage of selected images of interesting histologic and cytologic cases for second opinion diagnoses and documentation. Moreover, such stored images would be of interest for training purposes, especially when an expert pathologist could select the most relevant images of paradigmatic or educational cases through the most appropriate diagnostic sequence.
At present, the system is being tested in 2 regional hospitals (located in Trento and Rovereto) with pathology departments on site. Technological and management issues need to be monitored to provide system refinements and to gather organizational hints before introducing the service in a rural hospital for intraoperative routine diagnoses. In the rural site, an additional feature will be introduced in the system to allow for gross examination of the tissue. A digital camera will be connected to the server workstation, and still images will be sent to the consultant pathologist. By audioconferencing and simple graphic tools to assign the areas of interest, the pathologist will be able to guide the technician in the sampling of the surgical specimens.
Our study supports the concept that an active telepathology system based on static imaging has the potential to provide a remote routine frozen section service in a hospital that does not have an on-site pathology department. The performance of our system is comparable to that of dynamic telepathology systems, and the level of concordance between the TM and LM is high. The diagnostic accuracy by TM shows good agreement with LM accuracy. Furthermore, the time needed to make a diagnosis by TM is comparable to the time required in an intraoperative service. Furthermore, the high degree of user-friendliness of the systems and the low degree of dependence of the diagnostic time on the bandwidth of telecommunications may contribute to the introduction of this system as a routine diagnostic service in the rural hospitals of our region.
